Abstract: Arsenic is a highly toxic metalloid for all forms of life including plants. Arsenic enters in the plants through phosphate transporters as a phosphate analogue or through aquaglycoporins. Uptake of arsenic in plant tissues adversely affects the plant metabolism and leads to various physiological and structural disorders. Photosynthetic apparatus, cell division machinery, energy production, and redox status are the major section of plant system that are badly affected by As (V). Similarly As (III) can react with thiol (-SH) groups of enzymes and inhibits various metabolic processes. Arsenic is also known to induce oxidative stress directly by generating reactive oxygen species (ROS) during conversion of its valence forms or indirectly by inactivating antioxidant molecules through binding with their -SH groups. As-mediated oxidative stress causes cellular, molecular and physiological disturbances in various plant species. Activation of enzymatic antioxidants namely, superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT) and glutathione reductase (GR), Glutathione s-transferase, glutathione peroxidase (GPX) as well as non antioxidant compounds such as, ascorbate, glutathione, carotenoids are reported to neutralize arsenic mediated oxidative stress. Understanding of biochemistry of arsenic toxicity would be beneficial for the development of arsenic tolerant crops and other economically important plants.
Introduction
Arsenic is a toxic metalloid and regular biomagnifications of arsenic in the environment is a growing concern especially in South East Asia. It enters in the environment naturally by volcanism and with metal oars such as lead, gold, zinc and copper. Spreading of herbicides or pesticides, coal combustion and timber preservatives are some anthropogenic sources of arsenic pollution. The major species found in the environment are arsenite (As III), arsenate (As V), mono methylarsonic acid (MMA), dimethyal arsinic acid (DMA), arseno betain and arseno choline (Tangahu et al. 2011) . Inorganic arsenic is a potent human carcinogen, associated with increased risk for cancer of the skin, lungs, urinary bladder and kidneys, as well as hyperkeratosis, pigmentation changes, and effects on the circulatory and nervous systems. It is also known to generate oxidative stress in humans (Benton et al. 2011) . Arsenic enters in food chain directly by drinking contaminated water or by crops growing on arsenic contaminated soil. The main route of As (V) uptake in plants is through the phosphate transporters as a phosphate analogue, whereas, arsenite (III) and undissociated methylated arsenic species enters through nodulin 26-like intrinsic (NIP) aqaporin channels . Arsenic accumulation and speciation in rice are affected by root aeration and porosity (Wu et al. 2011) . After accumulation arsenic interferes with various metabolic processes and thereby adversely affects the plant metabolism and leads to reduced plant productivity. However, the complete mechanism of As-toxicity in plants is not clear so far, but inactivation of essential enzymes by SH-As binding, displacement of essential ions from enzymes and interference of As with phosphate metabolism are some predictable mechanisms of As toxicity in plants (Meharg 1994) . Although, arsenic is a non-redox active element but there are significant evidences that exposure to inorganic arsenic induces the generation of reactive oxygen species (ROS) during their conversion from As (V) to As (III), which leads to induced oxidative stress in plant (Hartley-Whitaker et al. 2001) .
Plants have a well organized defense system to combat metal stress. A well known mechanism of arsenic detoxification is binding of metalloid with phytochelatins (PCs) in plants. PCs are heavy-metalbinding peptides derived from glutathione (GSH) with the general structure (-Glu-Cys) n -Gly where n = 2-11. Complexation and vacuolar sequestration of As-PC complex at acidic pH (5.5) facilitate to reduce the concentration of free arsenic in the cytoplasm, thus reducing its toxicity (Zhao et al. 2009; Liu et al. 2010) . The over expression of phytochelatine genes AtPCS1 or CePCS in Nicotiana tabacum resulted in an increase of As tolerance and accumulation (Wojas et al. 2010) . Detoxification of As in plants by PCs has been studied extensively in algae eg. Stichococcus bacillaris, Phaedactylum tricornutum, fungi (Aspergillus sp.) and plants namely Silene vulgaris, Holcus lanatus, Pteris vittata and Brassica juncea (Mokgalaka-Matlala et al.
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I. Sharma 2009). Recently, Duan et al. (2011) has suggested that PC complexation of arsenite in rice leaves reduces As translocation from leaves to grains, and implicate that manipulation of PC synthesis might mitigate As accumulation in rice grain.
Likewise, several mechanisms to counterbalance As-induced oxidative stress are reported in various plant models. The stimulation of enzymatic activities e.g. SOD, CAT, APX, GR and non-enzymatic antioxidant like glutathione, ascorbate and carotenoids have been considered as basic defense mechanisms against arsenic-induced oxidative stress in ferns and some higher plants (Sharma et al. 2007 ).
Thus, several efforts have been made to understand arsenic uptake and accumulation but very few reports are available on arsenic induced oxidative stress and defense system in plants. The information is still unclear and fragmented. The present paper offers a review of some of the main aspects related to arsenic-induced oxidative stress.
Arsenic: A potent toxin to plant system
The extent of metalloid toxicity is being observed from morphological to molecular level in plant system. Arsenic toxicity may manifest by several morphological symptoms eg. wilting of leaves, inhibition of root and shoot length, leaf narcosis, violate leaf color (Adriano 1986) , decrease or complete loss of root hairs, damage to epidermal cells and cortex ), breakage of thylakoid membranes (Li et al. 2006 ) and ultimately cell death. Moreover, lack of pith differentiation, necrosis and reduction in the number of raminifications in root systems are some additional anatomical damages reported in plants exposed to arsenic. Further, arsenic mediated disorders in plant physiology has been documented as inhibition of plant growth, leaf gas exchange, nutrient supply, water potential, protein content, phytaes activity, inhibition of chlorophyll biosynthesis, reduction of photosynthetic efficiency of plant and biomass accumulation (Stoeva et al. 2003) . As (V) also replaces phosphate from essential bio-molecules and As (III) binds with -SH groups of enzymes related to glycolysis and TCA cycle, which results in impaired tissue respiration and energy supply in plant system (Ullrich-Eberius et al. 1989) .
Currently genomic analyses of plants are being used to identify common molecular pathways modulated upon exposure to arsenic. A number of genes involved in cell growth, cellular morphogenesis and cell cycle are down regulated on exposure to arsenic. In rice genome, two expansion genes (Os01g14660 and Os04g46650), two tubulin genes (Os03g45920 and Os03g56810), an actin gene (Os01g64630) and two microtubule gene (Os03g13460 and Os09g27700) are less expressed in response to long term exposure to arsenic (Norton et al. 2008) . Analysis of potential metabolic networks from microarray studies has been shown that arsenic-stress response influences the pathway related to photosynthesis, plant defense and signal transduction. As (V) affects mainly cell wall, primary and secondary metabolism, abscisic acid metabolism and germination of the seedlings whereas, As (III) mainly affects hormonal and signaling processes ). Anarchy in mitotic and labeling index, mitotic arrays of microtubules, increased percentage of metaphase and DNA fragmentation are also observed in roots of Pisum sativum exposed arsenic (Faria et al. 2010) .
Oxidative stress in plants: A less studied effect of arsenic exposure Increased ROS production and responses of plants to metal stress condition has been widely investigated (Gratão et al. 2005) . Apart from altered phosphate metabolism, oxidative stress is an another mode of arsenic toxicity in plants (Hartley-Whitaker et al. 2001; Mascher et al. 2002; Srivastava et al. 2005; ). Arsenic mediated production of ROS is wellknown in mammalian cells (Huang et. al. 2004) , but very few reports are available on the source and mechanism of ROS formation in plants. Arsenic generates ROS by inhibition of key enzyme system together with electron leakage during conversion of As (V) to As (III). The process of reduction is followed by methylation of inorganic arsenic which is a redox driven reaction and such reactions could give rise to generate ROS (Zaman & Pardini 1996) . Biomethylation of arsenic give monomethylarsonic acid (MMA), dimethylarsinic acid (DMA), tetramethyalarsonium ion (TETRA) and trimethylarsonium oxide (TMAO), moreover arsenocholine, arsenobetaine and arseno-sugars are few more forms of metabolized arsenic reported in plants (Koch et al. 2000) . Methylation of arsenic in higher plants is reported in Catharnthus roseu, Agrostis tenuis and in phosphate starved tomato plant (Cullen & Hettipathirana 1994; Nissen & Benson 1982) . Methylated arsenic reacts with molecular oxygen and give rise ROS in cellular environment. Dimethylarsinic acid (DMA) causes iron-dependent oxidative stress which is based on iron released from ferritin whereas, DNA damage take place by reactive oxygen species which are generated directly from DMA 3+ .
Apart from methylation, conversion of inorganic arsenic from one oxidation state to another is also serving as a leading factor for oxidative stress in plants. Arsenate is reduced rapidly to arsenite via cytochrome/cytochrome oxidase, using oxygen as a final electron acceptor in mitochondria and chloroplast (Tamaki & Frankberger 1992) . Reactive oxygen species e.g. superoxide radicals can be generated during reaction of cytocrome oxidase with oxygen which leads to increased root oxidizability and amount of hydrogen peroxide in arsenic treated plant . These ROS stimulates a chain like peroxidation of polyunsaturated fatty acids of lipid bilayer in cellular membranes that increases the electrolyte leakage, amount of thiobarbituric acid-reacting substances (TBARS) and H 2 O 2 content in plants like, Hol- cus lanatus (Hartley-Whitaker et al. 2001) , red clover (Mascher et al. 2002) , mung bean , and rice ). Membrane damage has been documented by arsenic mediated alteration in chloroplast membrane structure subsequently breakage and swelling of thylakoid membranes in Pitters vittata and Sphagnum nemoreum (Li et al. 2006 , Simola 1997 . Moreover, arsenic induced oxidative stress generate many toxic effects like reduction of photosynthetic rate (Stoeva & Bineva 2003) , decrease in photosynthetic pigments (Mascher et al. 2002) , glutathione depletion (Hartley-Whitaker et al. 2001 ) and reduction in soluble protein content in plant (Stoeva et al. 2003) . To combat with detrimental effects of oxidative stress activation of several enzymatic and non enzymatic antioxidant molecules have also been reported in plants exposed to arsenic (Fig. 1) .
Superoxide dismutase (SOD)
It is a group of metalloisozymes that neutralized the highly reactive superoxide radical into oxygen and hydrogen peroxide so it can play a very important role in the protection of cells upon stress (Fridovich 1995) . Superoxide dismutase is an antioxidant enzyme associated with metal cofactors. The Cu/Zn-SOD are located in cytosol, peroxisome, plastid and root nodules whereas Mn-SOD is located in the mitochondria, and Fe-SOD is located in the plastids. Stimulation of SOD activity and decrease in lipid peroxidation has been demonstrated in Holcus lanatus, red clover and Mung bean exposed to arsenic (Hartley-Whitaker et al. 2001; Mascher et al. 2002; Singh et al. 2007) . During arsenic stress the up regulation of Cu/Zn SOD has been reported in rice seedlings (shri et al. 2009 ). The analysis of native page SOD activity indicates that capacity of one Mn-SOD and two major Cu/Zn SOD isozymes is increased in red clover exposed to arsenate (Mascher et al. 2002) . The proteomic analysis of maize root also reveals that Cu/Zn SOD is one of the highly responsive enzymes to arsenic which involved in cellular homeostasis during redox disturbance (Requejo & Tena, 2005) . Mylona et al. (1998) demonstrated that SOD activity increased in response to low arsenic concentration but high concentration of arsenic inhibits the accumulation of SOD mRNA and leads to decline its activity. Antioxidant-related genes coding for superoxide dismutases and peroxidases plays prominent role in response to arsenate. The microarray experiment revealed induction of chloroplast Cu/Zn superoxide dismutase (SOD) (at2g28190), Cu/Zn SOD (at1g08830), as well as an SOD copper chaperone (at1g12520) and strong suppression of Fe SOD in response to As (V) stress (Abercrombie et al. 2008 ).
Catalase (CAT)
Catalase is another H 2 O 2 decomposing enzyme, It is a tetrameric, heme-containing enzyme found in the peroxisomes, glyoxisome, cytosol, mitochondria and root nodules. It has a capacity to rapidly degrade hydrogen peroxide into water and molecular oxygen without consuming cellular reducing equivalents. Hence, catalase protects the cell with energy-efficient mechanism to remove hydrogen peroxide. Higher activity of CAT has been shown in arsenic-tolerant chinese brake fern (Pteris vittata) than arsenic-sensitive slender brake fern (Ptries ensiformis) and boston fern (Nephrolepis exaltata) (Shrivastava et al. 2005) . CAT activities were found to increase in Zea mays during arsenic exposure (Mylona et al. 1998) . In contrast to above finding arsenic-induced decline in CAT activity has also been reported in Mung bean and Taxithelium nepalense Ascorbate peroxidase (APX) The dismutation of superoxide radical by SOD enzyme produces H 2 O 2 in the chloroplast. Further removal or detoxification of H 2 O 2 is essential to avoid inhibition of calvin cycle enzymes (Tanaka et al. 1982) . Due to absence of catalase in chloroplast, plant has adopted a alternative mechanism to dextoxification of hydrogen peroxide by peroxidase through ascorabte-glutathione pathway. Peroxidase requires a reductant to reduce hydrogen peroxide into water, in plant cell this reducing agent is ascorbate (Mehlhorn et al. 1990 ). Therefore, peroxidase is called ascorbate peroxidase (APX). APX is a heme-containing protein located in plastid stroma and membrane. In the presence of APX and two molecules of ascorbate the hydrogen peroxide get reduced into water and two molecules of monohydroascorbate are also generated (Nactor & Foyer 1998). Upregulation of APX activity has been reported in Rice seedling (shri et al. 2009 ), Mung bean ), Beans (Stoeva et al. 2005) and Maize (Miteva & Peycheva 1999) exposed to arsenic.
Glutathione reductase (GR)
It is responsible for maintaining the glutathione (GSH) levels for most of the functions in the cell (GomesJunior et al. 2006; . It is located in mitochondria, cytosol and plastids. GSH is oxidized to form glutathione disulphide (GSSG) which is required for regeneration of ascorbate from monodehydroascorbate. The NADPH-dependent reduction of GSSG to GSH is catalysed by glutathione reductase.
A small number of reports are available on behavior of GR during As induced oxidative stress in higher plants. The elevated requirement of glutathione (GSH) during arsenic induced oxidative stress is executed by the stimulation of GR in rice seedlings ). Although, enhanced GR activity has been observed in roots of Pteris vittata, Ptries ensiformis, Nephrolepis exaltata, but GR activity in fronds and rhizome is higher in P. ensiformis and N. exaltata than in As-hyperaccumulater Pteris vittata (Srivastava et al. 2005) .
Guaiacol peroxidases (GPX)
It also acts upon H 2 O 2 and forms GSSG that is further reduced to GSH by GR. GPX are the member of a large peroxidase family located in cytoplasm or in cell wall-bound form. GPX activity increased in response to As-induced oxidative stress in Mung bean . Srivastva et al. (2005) has suggested that GPX serves as an intrinsic defense tool to resist oxidative damage in P. ensiformis and N. exaltata. An increase in GPX activity was reported upto 20 mg kg −1 arsenic and then decrease at higher tested concentrations of arsenic in Pteris vittata (Cao et al. 2004 ).
Glutathione S-transferase (GST)
The enzyme induced by toxic metals and oxidative stress, are ubiquitous enzymes performing a range of functional roles using the tripeptide glutathione (GSH) as a co-substrate or coenzyme (Ghelfi et al. 2011) . GSTs are dimeric proteins and up to six functional classes of this enzyme have been characterized in plants so far: phi, tau, theta, lambda, zeta and DHARs (Dixon et al. 2008; Ghelfi et al. 2011) .
The GSH-dependent catalytic functions include the conjugation and resulting detoxification of cytotoxic products. It has been observed that arsenic induces the GST activity in mesquite and maize plant (MokgalakaMatlala et al. 2009; Mylona et al. 1998) Ascorbate (Ascorbic acid) It is the most abundant antioxidant present in stroma of chloroplast, apoplast, cytosol and vacuole of plant cell. Ascorbate pool in chloroplast contains a bulk of ascorbate (reduced) to protect photosynthetic machinery. It has an important role in the removal of hydrogen peroxide and regeneration of membrane bound carotenoids and α-tocopherol via the ascorbate-glutathione cycle. It can react directly by reducing superoxide, hydrogen peroxide and hydroxyl radical or quenching singlet oxygen (Singh et al. 2006) . Ascorbate (reduced) also functions as a co-factor of ascorbate peroxidase (APX) enzyme, which produces dehydroascorbate (oxidizied). Recycling of AsA (reduced) to dehydroascorbate (DAsA) take place by a GSH-dependent reaction catalysed by dehydroascorbate reductase that consumes NADPH as a reducing equivalent. Components of ascorbate-glutathione cycle have been reported in cytoplasm, mitochondria and peroxisome where it acts in antioxidant protection system in these organelles (Noctor & foyer 1998).Very few reports are available regarding the response of ascorbate during arsenic mediated oxidative stress. Singh et al. (2006) observed significant increase in ascorbate (reduced) concentration and ratio of AsA/DAsA in fronds of arsenic-hyperaccumulator Pteris vittata then arsenic-sensitive P. ensiformis one day after arsenic exposure. Ascorbate concentration increased in hypocotyls, whereas decreased in roots of cucumber plants exposed to arsenic (Czech et al. 2008) .
Glutathione
Glutathione represents the major pool of reduced sulpher (non-protein) (Kurnert & Foyer 1993) . Thiols, including cysteine and glutathione have a key position in the maintenance of redox status of the cell as well as in the detoxification of metals and metalloids. Glutathione is also related to other defense pathways such as phyochelatine synthesis and ascorbate-glutathione cycle. Arsenate and arsenite are also known to have a high affinity for thiols such as glutathione (Jocelyn 1972) . The reduction of arsenate to arsenite is catalyzed by arsenate reducatase which is also considered as a mechanism involved in detoxification because arsenite can bind with phytochelatins. Arsenate reduction is coupled to NADPH oxidation via the reduction of oxidized glutathione by glutathione reductase and with the resulting glutathione (GSH) serving as the electron donor for arsenate reductase (Ellis et al. 2006) . Rosen (2002) has also observed that GSH serves as a reducing potential during arsenic reduction in bacteria under arsenic stress. GSH can directly bind with ROS and detoxifies it through a reaction catalysed by glutathione-S-transferases (GSTs). It has been demonstrated that glutathione-S-transferase in Zea mays is stimulated upon exposure to arsenic (Mylona et al. 1998) . Studies concerning the effect of arsenic on glu-tathione level of plants are relatively few. Singh et al. (2006) reported that protection from oxidative damage by a greater level of ascorbate-glutathione pool is linked with arsenate tolerance in arsenic hyperaccumulator P. vittata. Another report suggests that rapid arsenate influx resulted in glutathione depletion and phytochelatine production in Holcus lanatus (HartleyWhitaker et al. 2001) . Similarly decrease in glutathione content was observed in red clover plant exposed to 50 mg kg −1 arsenic (Mascher et al. 2002) . Significant increase in GSH and PCs upon arsenic exposure has been demonstrated in tolerant plants like Hydrilla verticillata (Srivastava et al. 2007 ). Shri et al. (2009) have reported that GSH and cystine supplementation resulted in elimination of oxidative stress and restored the growth of rice seedling exposed to arsenic. Plant glutathione-S-transferase (GST), induced by toxic metals and oxidative stress, are ubiquitous enzymes performing a range of functional roles using the tripeptide glutathione (GSH) as a cosubstrate or coenzyme. The GSH-dependent catalytic functions of glutathione-stransferase include the conjugation and resulting detoxification of cytotoxic products.
Although plant activates antioxidant enzymes to effectively destroy the toxic H 2 O 2 , but due to easy diffusion tendency, H 2 O 2 may escape from these detoxification processes and convert it into highly reactive hydroxyl radical with the help of transition metal (Brait 2002) . Further, plant cell starts the accumulation of proline to facilitate detoxification of extremely toxic hydroxyl radical. Proline has been already known to scavenge singlet oxygen and hydroxyl radical in vitro. Tripathi & Gaur (2004) suggested that intracellular proline detoxifies harmful ROS directly rather than improving the key antioxidants. Concentration and time dependent increase of proline content along with a negative correlation between H 2 O 2 content and proline accumulation is point towards the protective role of proline against arsenic induced ROS formation in Pisum sativum exposed to arsenic.
Carotenoids
Carotenoids are a class of fat-soluble pigment located in thylakoid membrane of chloroplast where they have a critical function in light harvesting and membrane associated antioxidant activity (Siefermann-Harms 1987) . As an antioxidant, carotenoids protects photosynthetic apparatus by quenching a triplate sensitizer (Chl 3 ), singlet oxygen and other harmful free radicals which are naturally formed during photosynthesis (Collins 2001) . It has been reported that carotenoid content decreased in oat, bean and red clover plant grown in arsenic contaminated soil (Stoeva & Bineva 2005; Stoeva et al. 2005; Mascher et al. 2002) . The possible reason for decline may be the arsenic mediated breakage and swelling of thylakoid membrane and accumulation of starch in chloroplast under arsenate stress (Simola 1997) . In contrast concentration of carotenoids increased in hyper accumulator P. Vitteta whereas decreased in P. ensiformis upon exposure to 133 µM arsenic for 10 days (Singh et al. 2006 ). Thus carotenoids also have an important role to combat with arsenic induced oxidative stress.
Conclusion
This review has compiled the information on arsenic toxicity especially on oxidative stress and role of antioxidant defense system in plants. Although arsenic is a non-redox active metal but it generate reactive oxygen species during conversion of its valancy form and further by methylation in cellular environment of the plant. These reactive oxygen species leads to disturb plant metabolism and develop various toxicity symptoms. In addition, the evidence emerging from response of antioxidant defense system clearly indicate that enzymatic and non enzymatic antioxidant defence systems have a prominent role to protect against arsenic induced oxidative damage in plants.
Future remarks
Although some reports are available to solve the puzzle of mechanism behind generation of ROS and response of defense molecules in plant system but activities of antioxidant enzymes isoforms during arsenic mediated stress in plant requires further elucidation at cellular and molecular level.
